Several currently available broadband parameterizations for longwave and shortwave radiation have been combined to produce a computationally fast radiation parameterization that is well suited for atmospheric circulation models. The main features of the parameterization are the ability to include overlapping partly cloudy layers in the longwave, the use of a delta-Eddington technique to treat clouds in the shortwave, and a computational structure that is amenable to vectorization on supercomputers. Selected results of off-line one-dimensional computations using the code have been compared with more rigorous methods as part of an international intercomparison program and found to be quite accurate.
INTRODUCTION
The parameterization of radiation for atmospheric circulation models is currently under extensive study. The impetus for these efforts is primarily twofold. Tests have demonstrated the need for retaining high accuracy in the parameterization of radiation [Fels and Kaplan, 1975; Ramanathan et al., 1983 ], but in order to achieve sufficient accuracy, the computation time for the numerical simulation typically increases substantially. This is particularly true for terrestrial radiation, since the interaction of each model layer with every layer may have to be considered, and the absorbing properties of the atmospheric constituents vary considerably with wavelength. There is therefore a need for a radiation scheme that is computationally fast yet accurate. The parameterization discussed here is primarily intended for use in atmospheric circulation models, including those used for climate studies and for global and regional numerical weather prediction; and it is particularly suitable for the study of cloudiness, because it accommodates variable cloud fractions and cloud properties.
A recent review of radiation parameterizations for climate models [Stephens, 1984] lists several radiation parameterizations and includes a table showing estimates of computation time for each. Since the time for each call may be large, it is customary to call the radiation code infrequently, say every 5 hours, to update the radiation field of the model. This is a highly questionable procedure for models that include the diurnal cycle or have interactive cloud generation [Wilson and Mitchell, 1986] . Virtually all major modeling groups now have access to vector machines, and an order of magnitude improvement in computation speed is possible through vectorization. Any new parameterization should therefore be designed with performance on vector machines in mind.
The objective of the parameterization effort reported in this article is to choose schemes that approximate the spectral nature of radiation as accurately as possible with the fewest possible bands, and to construct a flux computation algorithm Since the host model for which the parameterization was initially designed (the UCLA/Goddard general circulation model) has a cloud generation scheme that allows cloud formation in every tropospheric layer, an important design goal is that the algorithm not lose its vectorizability in the presence of arbitrary cloudiness. We stress this seemingly technical consideration, since historically many of the algorithms for computing radiative fluxes have been nearly unvectorizable.
For longwave absorption, we have used the broadband transmission approach of Chou [-1984 
dt c v dp where c v is specific heat of air at constant pressure and g is the gravitational acceleration.
Since z• varies rapidly with wave number, the flux equations cannot be integrated as written above, for a climate model. The detailed spectral integration of (la) and (lb) is commonly called a "line-by-line" integration and can be used for benchmark purposes. For modeling applications, various approximate treatments, generally called band models, are available and have been summarized in Stephens' [1984] review paper.
We have adopted the method described by Chou [1984] The procedure used to compute fluxes is illustrated in Rs IIIIIIIIII!111111111111111111111111111111111111111111111111111111111111111 6 If there are clouds in more than one layer, (7) and (8) can still be used, but the cloudiness factor will depend on the cloud fraction in each layer and on the degree of cloud overlap. The problem of fractional cloud overlap is still under study, and there is no consensus on the preferred form of overlap in general circulation models. This question is only of academic importance for models that assume either clear skies or complete overcast. In the current radiation code we allow for two kinds of overlap, maximum and random. These are illustrated in Figures 5 and 6 , respectively.
Only some selected probabilities of clear lines of sight will be presented. In Figures 5 and 6, 
for random overlap. The cloud factors for maximum and random overlap are computed separately and then multiplied to give the final probability of clear line of sight. It is possible to have a maximum overlap cloud fraction and random overlap cloud fraction assigned to the same layer, but it is unlikely that a model will be able to make such specifications. We anticipate that the most common usage will be for layers Figure 7 shows the changes in cooling rate from the clear sky case in the model layers. Note that the maximum overlap case exhibits strong cooling in the highest of the three cloudy layers; this is not as pronounced in the random overlap case. Also, the two layers below the top layer of the cloud tend to warm substantially for the maximum overlap case. Therefore although the effective cloud fraction of the system as seen from above or below is the same, the two overlap schemes yield radically different perturbations to the clear sky cooling rate profile. This will certainly have an impact on the subsequent evolution of the cloud field.
SHORTWAVE RADIATION
The present parameterization scheme for shortwave radiation is an extension of that developed by Lacis and Hansen [1974] . We have retained their original treatment for water vapor absorption, ozone absorption, and clear sky Rayleigh scattering, and their use of a probability distribution to represent the contribution of water vapor to the extinction coefficient in the solar infrared. This probability distribution is useful in obtaining the broadband solar absorption as an appropriately weighted sum of relatively few monochromatic solutions to the problem of radiative transfer in vertically inhomogeneous, nonconservative atmospheres. Here again, as in the longwave, any adequate parameterization can be used for the algorithm. Our choice has mainly been governed by the simplicity of the parameterization; its adequacy for computing solar absorption by atmospheric water vapor in the troposphere has recently been shown by Kratz and Cess [1985] . 
APPLICATIONS AND LIMITATIONS
The parameterization described in this paper was designed specifically for use in atmospheric circulation models that are used to study the earth's atmosphere in or near its current climatic regime. The computation speed is sufficiently high that the code can be used in high-resolution, regional numerical weather prediction models that include radiative processes. Since the parameterization uses numerical fitting quite extensively, the model is limited to the range of atmospheric parameters generally encountered in the simulation of the present climate. In particular, as presently formulated, the upper limit on the total water vapor column amount for reasonable accuracy is 8 g cm-2. A fixed carbon dioxide concentration of 330 ppmv is used, but an adjustable coefficient can accommodate The radiation parameterization requires as input not only the temperature and specific humidity profile but also ancillary information regarding the radiative properties of clouds and the surface. In the longwave, an effective emissivity or cloud fraction must be specified for each cloudy layer. In the shortwave, the optical depth of the clouds must be specified; scattering properties such as the albedo for single scattering and asymmetry factor are already built in to the parameterization.
The albedo of the surface in the visible and near infrared for both direct and diffuse radiation is also required as input. This typically depends on the surface type and vegetation or snow cover.
Since the parameterization includes only major radiative processes, it is instructive to compute the implied radiative and radiative-convective equilibria. We present here the onedimensional radiative-convective and pure radiative equilibrium temperature profiles analogous to those discussed by Manabe and Wetheraid [1967] and Ramanathan [1967] . The radiation parameterization presented here is currently being used in the UCLA/Goddard GCM; results from these simulations will be presented elsewhere.
APPENDIX
A major goal of this radiation parameterization effort was to develop a computationally fast code that could be used in atmospheric circulation models without slowing the simulation time significantly. Table A1 Table A1 , the total radiation package consumes 21.5% of the model processor time when called every hour. We anticipate that the figure will be of the order of 30% for models including additional layers in the stratosphere. Also, the most time-consuming sections of the code involve the computation of longwave transmittances and cloud multiple reflection in the shortwave. Any further improvement in algorithmic efficiency will therefore depend on the parameterization of these processes. The total time of 0.5 ms/grid point/call may be compared with a time of 0.9 ms quoted by Slin•1o and Wilderspin [1986] for an 1 l-layer model (including ozone) run on a two-pipe, two-megaword Cyber 205.
